In recent years, Spin-Transfer Torque Random Access Memory (STT-RAM) has attracted significant attentions from both industry and academia due to its attractive attributes such as small cell area and non-volatility. However, long switching time and large programming energy of Magnetic Tunneling Junction (MTJ) continue being major challenges in STT-RAM designs. In order to overcome this problem, a Spin-Hall Effect (SHE) assisted STT-RAM structure (SHE-RAM) has been recently invented. In this work, we investigate two possible SHE-RAM designs from the aspects of two different write access operations, namely, High Density SHE-RAM and Disturbance Free SHE-RAM, respectively. In High Density SHE-RAM, SHE current is shared by the entire bit line. Such a structure removes the SHE control transistor from each SHE-RAM cell and hence, substantially reduces the memory cell area. In Disturbance Free SHE-RAM, one memory cell contains two transistors to remove the disturbance to the unselected bits and eliminate the possible erroneous flipping of the bits.
I. INTRODUCTION
Conventional memory technologies like SRAM, DRAM and Flash memory have been widely utilized in modern computer systems. However, as technology node continues to scale down, these electrical charge-based memory technologies suffer from high leakage power and large process variations that cause severe reliability issues. In order to overcome these problems, many new memory technologies, including SpinTransfer Torque Random Access Memory (STT-RAM), have been studied. Although STT-RAM features many attractive characteristics like non-volatility, low standby power, and high cell density [1] - [3] , it also has many drawbacks such as long programming latency and high programming energy etc.
Spin-Hall Effect (SHE) assisted STT-RAM (or SHE-RAM) was recently proposed to solve the challenges in conventional STT-RAM designs [4] . By eliminating incubation delay, programming time and/or energy of SHE-RAM cells can be substantially reduced, compared to conventional STT-RAM.
Several access schemes of SHE-RAM were also discussed in [5] . However, these schemes require either very sharp writing pulse or external magnetic field which introduces additional fabrication process/cost. In another design in [6] , a single bit is represented by two MTJs and four transistors. This design reduces storage density and also increases access power consumption. Nonetheless, a design that can maximize the benefits of SHE effects is still highly desired.
In this work, we proposed two SHE-RAM designs aiming at different applications. The first one is named as "High Free layer magnetization vector makes an angle under the effect of the SHE current, and STT becomes available to switch the magnetization of the free layer since it is not in parallel to that of the reference layer any more.
Density SHE-RAM", which targets off-chip memory application requiring high cell density. The high cell density of High Density SHE-RAM is ensured by deploying a source line shared by all memory bits to supply the SHE current. Only one transistor is needed to control the whole shared source line. The second one is named as "Disturbance Free SHE-RAM", which targets applications where reliability is the major concern. The potential disturbance to the unselected bits in the High Density SHE-RAM is eliminated in the Disturbance Free SHE-RAM by inserting isolating transistor between the cells and sharing the SHE current among the bits on the same word line.
The remain of this paper is organized as follows: Section II presents the basics of SHE-RAM and the model of spin-hall assist; Section III introduces the designs of High Density SHE-RAM and Disturbance Free SHE-RAM; Section IV concludes our work.
II. BASICS OF SHE-RAM
In conventional STT-RAM, data is stored as the resistance state of a Magnetic Tunneling Junction (MTJ) device, which consists of two ferromagnetic layers, namely, reference layer and free layer, and a tunneling oxide layer, as shown in Fig. 1(a) . The relative magnetization orientations of these two ferromagnetic layers determine the resistance of the MTJ. That is being said, when their magnetization orientations are in parallel (anti-parallel), the MTJ is in its low (high) resistance state. When a current is injected to the MTJ, the current is spin polarized after passing through the RL, and exerts a torque to the FL and change its orientation.
At the beginning of the switching process of the MTJ, the angle between the magnetization vectors of the free layer and the reference layer will be either 0
• or 180
• . In both cases, the torque exerted by the spin polarized current will be zero because the cross product of two vectors with the same direction is zero. In conventional STT-RAM design, this initial angle may be disturbed by thermal fluctuations [4] . The time needed to disturb the free layer magnetization from the "perfect" alignment with the reference layer, called "incubation delay", may be up to several nanoseconds.
Different from conventional STT-RAM, SHE-RAM contains an electrode (e.g. Tantalum) underneath the perpendicular MTJs. Here the magnetization orientation of the two ferromagnetic layers of the MTJ are along the axisẑ. When an assist SHE current pulse is applied on this electrode, an inplane polarized current whose polarization direction is along the axisŷ is injected into the MTJ. The SHE current pulls the free layers magnetic vector from 0
• to an intermediate angle, as shown in Fig. 1(b) . Since the magnetization orientations of the free layer and the reference layer are no longer in parallel, the torque exerted by the spin polarized current will be larger than zero. Hence, the SHE current is able to assist the spin polarized current to switch the MTJ much faster. The incubation delay is eliminated and hence, both the switching time and the switching energy consumption are reduced compared to the conventional STT-RAM.
The magnetization dynamics of the MTJ free layer in SHE-RAM design can be modeled by solving the Landau-LifshitzGilber (LLG) equation [7] with SHE current modification [4] as:
where M is the magnetization vector of the free layer, H eff is the effective magnetic field vector, α is Gilbert damping constant and Ms is magnetization saturation, c SHE is spin-Hall torque coefficient, c STT is spin-transfer torque coefficient and β MTJ =0.25c STT as observed experimentally [4] , γ is electron gyro magnetic ratio, µ o is permeability.
III. SHE-RAM DESIGNS
In conventional STT-RAM, the MTJ switching can be accelerated by three means: 1) increasing the program current; 2) relaxing the MTJ non-volatility (e.g., by reducing the volume of free layer); and 3) applying an external magnetic field [8] . However, increasing the program current and applying an external magnetic field incur a large power consumption while non-volatility relaxation degrades the retention time of the STT-RAM cell [9] . As a comparison, spin-hall effect offers a very affordable option for programming performance improvement of the MTJ. Based on spin-hall effect, we propose two SHE-RAM designs, namely, High Density SHE-RAM and Disturbance Free SHE-RAM, aiming different applications.
The device parameters used in the relevant analysis are summarized in Table I .
A. High Density SHE-RAM
High Density SHE-RAM is designed for capacity demanding applications such as off-chip memory. A High Density SHE-RAM cell contains only one transistor and one MTJ, as shown in Fig. 2 . A SHE metal wire and a SHE control transistor are shared by all the SHE memory cells connected to the same source line. The programming current to the MTJ of each memory cell is supplied by the transistor connected to the MTJ. During the write operation of a memory cell, both the SHE control transistor and the corresponding cell transistor are turned on simultaneously and the polarization of the programming current is determined by the biases applied on the bit line and the source line.
As a perpendicular MTJ is applied, write operations do not have any requirement on the direction of the SHE current. For example, writing '1' and '0' almost equally benefit from a SHE current flowing from SHE control transistor to source line and vice versa becayse SHE currents with both polarizations can disturb the initial alignment of the magnetization direction of the free layer. Similar to the conventional STT-RAM, when the MTJ programming current flows from the bit (source) line to the source (bit) line, the magnetization orientation of the free layer will switch to the same as (opposite to) that of the reference layer, indicating logic '0' ('1'). The influence of the SHE current on the dynamics of the magnetization vector of the free layer is virtually depicted in Fig. 3(a) . When the SHE current is applied, the magnetization vector of the free layer takes almost no time to deviate from the initial position. After that, the magnetization vector of the free layer quickly switches to the target state under the impact of the STT current. As a comparison, if only STT current is applied, significant oscillations occur when the MTJ deviates from the initial position, as shown in Fig. 3(b) .
Note that the SHE current is required only at the beginning of the write operation to disturb the initial alignment of the free layer. Hence, for energy saving purpose, the SHE current can be supplied for only a very short time, i.e., sub-nanosecond, rather than the whole writing process. Fig. 4 compares the switching time of the MTJ when different SHE current pulse width is applied under different sizes of the cell transistor in a High Density SHE-RAM cell. The device and circuit level parameters are summarized in TABLE I. The SHE current is fixed at 20µA. In general, the longer the SHE current pulse width is, the shorter the MTJ switching time will be: when the transistor width equals 90nm, raising the SHE current pulse width from 0.5ns to 0.7ns will reduce the MTJ switching time by half. However, as the transistor width increases, the difference between the switching times of the MTJ at different SHE current pulse widths shrinks, implying the relatively increased impact of the STT current. For comparison purpose, we also simulated the switching time of the MTJ when only STT current is applied. When the transistor width is small, Fig. 4 . Simulated MTJ switching time under different transistor widths. Applying SHE current will significantly improve the MTJ switching performance, especially when the transistor width is small (or the STT current is small). say, 90nm, applying a 0.7ns SHE current pulse can reduce the MTJ switching time by almost 5× compared to the case where only the STT current is applied. Again, the MTJ switching time reduction incurred by the SHE current becomes less significant when the transistor width increases. Fig. 5 shows that increasing the amplitude of the SHE current will slightly improve the MTJ switching performance. But this effect is very limited.
The read operation of the High Density SHE-RAM is similar to the conventional STT-RAM: The word line is asserted and a read current I r is injected. Depending on the data stored on the MTJ device (or its resistance state), a high or a low voltage will be generated on the bit line. The value of the stored data can be read out by comparing the bit line voltage with a predefined reference voltage.
We note that the SHE current shared by the memory cells connected to the same source line may cause the disturbance to the unselected cells during write operations when thermal fluctuation is taken into account. Such a disturbance can be further aggravated by the process variations of the MTJ, which result in the variability of the MTJ geometry size, the MTJ critical switching current, and the non-volatility. For example, a 20µA SHE current will result in a disturbance rate of 0.072% for the unselected MTJ at 300K. In order to prevent disturbing the unselected bits, we proposed Disturbance Free SHE-RAM.
S0 S1 Fig. 6 . Disturbance Free SHE-RAM Design. SHE current is shared by the cells on the entire word line and controlled by W x−SHE transistors. 
B. Disturbance Free SHE-RAM
Instead of sharing the SHE current among the cells on the same source line in High Density SHE-RAM, in Disturbance Free SHE-RAM, the SHE current is shared among the cells on the same word line, as illustrated in Fig. 6 : One Disturbance Free SHE-RAM cell includes two transistors. One of the transistors connects the MTJ and the word line (e.g., W 0−MTJ0 ) and the other one is inserted between the segments of the SHE line (e.g., W 0−SHE0 )). During write operations, the SHE current only passes through the cells that are selected by signal W x−SHE (x = 0, 1, ... as the word line number). No disturbances to the unselected cells are introduced.
The write operations can be performed as follows: First, SHE line (e.g., W 0−SHE ) is activated for a duration of subnanosecond to allow the SHE current to flow underneath all the cells along the entire SHE line and disturb their free layer magnetization alignment. After the SHE line is deactivated, MTJ line (W 0−MTJ ) is turned on to select the cells along the whole MTJ line and the data are programmed into the cells by applying appropriate biases on the bit line and the source line. Since the SHE line has been deactivated before the MTJ line is activated, each cell can be written independently without causing any inference between them. However, the interval between turning on MTJ line and turning off SHE line may adversely affect the SHE effect, as depicted in Fig. 7 . Keeping the interval short (but no-zero) is critical for improving the write performance of the Disturbance Free SHE-RAM.
We note that compared to High Density SHE-RAM, Disturbance Free SHE-RAM generally has a longer write operation because the SHE and STT currents are applied at different times, as also shown in Fig. 7 . After the SHE line is deactivated, the SHE effect immediately starts to decay. As depicted in Fig. 7 , when the interval between turning off the SHE current and turning on the STT current is increasing, the MTJ switching time increases. Nonetheless, Disturbance Free SHE-RAM still demonstrates significantly enhanced write performance compared to conventional STT-RAM. Fig. 8 further shows that Disturbance Free SHE-RAM offers not only a faster MTJ switching time but also a tighter distribution of the MTJ switching time when both process variations and thermal fluctuations are considered. This fact holds true over a very wide transistor width range, say, from 90nm to 720nm.
The read operation of Disturbance Free SHE-RAM is also similar to conventional STT-RAM except that transistors W x−SHE must be turned off in order to operate on each cell independently.
The estimated memory cell areas of High Density SHE-RAM and Disturbance Free SHE-RAM are 0.0243µm 2 and 0.0567µm 2 , respectively, at 45nm technology node.
IV. CONCLUSION In this work, we proposed two designs of SHE-RAM, namely, High Density SHE-RAM and Disturbance Free SHE-RAM, for capacity-sensitive and reliable applications, respectively. The introduction of SHE current reduces the amplitude of the required switching current to the MTJ, leading to small cell area of High Density SHE-RAM. The disturbance to the unselected cells in High Density SHE-RAM can be then eliminated by the shared word line design in Disturbance Free SHE-RAM though extra cell area overhead is needed.
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